Abstract
Introduction
In microelectronics industry, the applied solder materials are one of the most important factors related to the reliability of the products. According to the Restrictions of Hazardous Substances (RoHS) directive of European Union, lead bearing solders had to be replaced with lead-free ones [1] . In this context, alternative binary alloys had been examined as replacements for SnPb solders, such as near-eutectic SnAg, SnCu and SnZn alloys. However, ternaries (SnAgCu, SnZnAg, SnZnIn, etc.) and even quaternary alloys (SnZnAgAl, SnAgBiCu, SnInAgSb) had also been studied as candidates for lead-free solders [2] [3] [4] [5] [6] [7] .
The reliability investigation of lead-free solders is still a current issue. One of the important reliability topics is the electrochemical migration (ECM) failure phenomenon. The common characteristics of the ECM phenomenon include the presence of moisture on conductor-dielectric-conductor systems under bias voltage, the electrochemical process and the metallic dendrite growth. This process is driven by the applied electric field from the anode to the cathode. Dendrite growth occurs as a result of metal ions being dissolved into a solution from the anode and deposited at the cathode, thereby growing in needle or tree-like formations. This effect causes short-circuits in electronic circuits, which may lead to a catastrophic failure.
Many papers can be found about ECM investigations carried out on different lead-free solder alloys. Takemoto et al. have found that some tin based lead-free solder alloys are more resistant to ECM than Sn-Pb40 alloy and pure Indium. In-48Sn and In-50Pb alloys were found to be immune to ECM in high purity water [8] . Yu et al. have described that in Sn-37Pb and Sn-36Pb2Ag systems the main migration element is Pb, while in Sn-Ag and Sn-Ag-Cu solder alloys Sn leads the migration in high purity water [9, 10] .
Other publication reported that SAC305 lead-free solder alloy has longer ECM lifetime in 0.001% NaCl solution than in 0.001% Na2SO4, since the passivity layer formed of SnO2 is thicker in the case of NaCl solution and Sn is the only element that contributes to ECM at room temperature [11] . The migration behaviour and the deposition process of Sn, Cu and Ag in case of SAC305 solder alloy were also observed in a thermal-humidity bias test (65
• C/88%RH) [12] .
Many studies were carried out on lead-free micro-alloyed low Ag content solders covering different reliability issues, like solderability, intermetallic compound (IMC) evaluation, shear strength behaviour [13] , tensile and wettability properties [14] or electromigration behaviour [15] which is a phenomenon different from ECM. However, ECM investigations of the novel lead-free micro-alloyed low Ag content solders were not found in the literature.
ECM susceptibility is usually examined by environmental tests such as Thermal Humidity Test (THB) and Highly Accelerated Stress Test (HAST) or under normal conditions by Water Drop test (WD), Thin Electrolyte Layer (TEL) test and by polarization tests such as linear voltammetry [16] [17] [18] . ECM behaviour of metallisation or insulation material systems is usually determined by the Mean-Time-To-Failure (MTTF) values during THB, HAST and WD tests. During environmental tests, the water condensation time can have a high influence on the overall process and has a high impact on the calculated MTTF values [16] , since ion migration starts only if a continuous condensed moisture film is present between the conductor traces. During WD tests there is no water condensation; the water droplet is placed on the surface and thereafter the migration process can start immediately.
In this paper, the electrochemical migration behaviour of lead-free micro-alloyed low Ag content solders was investigated by WD tests in NaCl solution. The results were compared with the ECM behaviour of commonly used SnAgCu and SnPb solder alloys. Moreover, X-ray Photoelectron Spectroscopy (XPS) measurements were also carried out to investigate the relation between the formed oxide layers and the ECM susceptibility of the solders.
Experimental
In order to carry out the WD tests, a standard comb pattern was designed according to the IPC-B-24 test board with the following main parameters: the raster of the conductor stripes was 0.4 mm with a gap size of 0.5 mm on an FR-4 substrate. The interdigital patterns were made by conventional photolithography and wet etching processes. The Cu base conductor was coated by immersion Sn for further reflow soldering processes. During this study the following solder alloys were investigated: Sn98.9Ag0.3Cu0.7Bi0.1Sb0.01 (SAC0307), Sn98.4Ag0.8Cu0.7Bi0.1 (SAC0807), Sn96.5Ag3Cu0.5 (SAC305), Sn95.5Ag4Cu0.5 (SAC405), Sn63Pb37 and Sn62Pb36Ag2 on standard comb pattern. The solder pastes were printed by a 150 µm stainless steel stencil and were reflowed according to a lead-free [190 • C, 210
• C(90 s), peak: [19] , the same flux type was applied in all cases. The applied test platform of WD tests can be seen in Fig. 1 . During the WD tests a droplet of 15 µl 1mM NaCl was placed by a pipette onto the comb patterns and then 10 VDC was applied. The NaCl solution simulates the condensed sea water or other salty contaminants (e.g. human perspiration). The short circuit formation (the time to failure) was detected by voltage step measurements on a resistor (R =1 kΩ) connected in series to the interdigital structure. The applied failure criterion was 0.1 VDC (first dendrite appearance). The formation of dendrites was monitored visually as well by an optical microscope and 32 samples were tested from each type of solder. From the measured failure times the Mean Time To Failure (MTTF) was calculated as an average value. The formed dendrites were also investigated by Scanning Electron Microscopy (SEM) in order to study their microstructures and by Energy Dispersive Spectroscopy (EDS) to analyse the elemental compositions. It has been assumed that oxide thickness (as a corrosion product) can have a strong influence on ECM susceptibility, in particular on the anodic dissolution rate. The formed oxide layers (anode side) were investigated by XPS depth profiling in order to make a relative comparison between the oxide Per. Pol. Elec. Eng. and Comp. Sci.
layer thicknesses on the solder surfaces after various treatments. The conditions for depth profiling were: optimized pressure, the samples were rotated during the sputtering to get 78
• incidence angle of the beam. The Ar + ions were accelerated by 1kV.
Results and Discussion
The WD test results of the different solder alloys can be observed in Fig. 2 . The observed deviations were relatively high, since the ECM processes are not stationary and also the electrochemical cell platforms are not homogeneous. Therefore there are no available exact relationships, only empirical models [16, 20, 21] . Despite the huge deviations, an ECM ranking could be established. According to the expectations, the reference Pb-bearing solder alloys showed a relatively high ECM susceptibility compared to the lead-free ones [10] It should be also noted that there is a significant MTTF difference between the low Ag content solder alloys (SAC0307 vs. SAC0807) in spite of their very similar compositions. Comparisons of microstructure and elemental composition were carried out in order to find the reason for this huge MTTF difference.
The typical microstructure of SAC0807 and SAC0307 can be seen in Figures 3 and 4 . The dendrite grown from SAC0807 (Fig. 3) is coated by residues and the microstructure forms perpendicular angles. The dendrites originated from SAC0307 solder alloy show needle-like structures (Fig. 4) .
According to the EDS analysis, Sn was detected as the main element of the dendrites in both sample types (see Table 1 ). Carbon and oxygen have mainly originated from the FR4 substrate, Tab. 2. Sn oxide /Sn all ratios depending on the (un)treatment and depth. but oxygen could also come from the surface oxidation of the dendrites. Despite the high microstructural and MTTF differences between the SAC0807 and SAC0307 alloys, significant elemental composition differences were not detected in the dendrites. The SEM and EDS results did not provide an adequate explanation of the significant MTTF differences between SAC0307 and SAC0807. Therefore XPS investigations were carried out to measure the formed oxide components on the anode surface: on an untreated area as a reference and on a treated area after WD test. According to our assumption, the formed oxide layer may have been caused by a kind of corrosion effect which can influence the ECM process.
The concentrations and/or ratios of pure and oxidized Sn components were calculated by the decomposition of the measured XPS spectra applying the 3d5/2 line of the pure Sn peak (see Fig. 5 ). The raw data of the Sn spectra was simply corrected for the background of the secondary photoelectron using the Shirley method [22] . The asymmetric XPS line shape of 3d5/2 peak is well represented by the combinations of Gaussian and Lorentzian functions.
An example of the deconvolution procedure is shown in Fig. 6 .
The concentration of Sn in oxide binding (SnOx) is shown by the deconvolution. The change of the valence state -the change of x along the depth -can be interpreted from the shift of the energy of the Sn XPS peak. Fig. 7 . shows the oxidized Sn profile. It can be observed that on the surface probably a thin native oxide layer can be found. The amount of oxidized Sn falls below 50% under the depth of 2 nm and it is less than 15% under the depth of 14 nm.
The summary of the XPS results can be seen in Table 2 . In every case a relative thick oxide layer has grown during the WD tests (after treatment). However, this oxide layer was not well defined in every case. A highly inhomogeneous oxide front has formed towards the vertical and the horizontal axis. An example of the vertically inhomogeneous appearance of oxide can be seen in Fig. 8 . It can be supposed that this vertically and horizontally inhomogeneous oxide front was caused by the so called pitting corrosion.
Pitting corrosion is most commonly induced by chloride ions or other halides. These halides are very highly potent agents for destroying otherwise protective passive surface films such as an SnO 2 layer [23] . A possible formation mechanism of SnO 2 is Fig. 3 . SEM image of a dendrite; coated by residues, grown from SAC0807 during WD test. described by [24] :
where x = 1 or 2.
As mentioned above, an inhomogeneous oxidation front was formed, so the SnO x passive layer was destroyed at different points of the area. It is called pitting corrosion.
The pitting corrosion mechanism also involves a strong chloride ion concentrating effect in the growing pits due to the applied positive charge potential at the anode. The chloride ions were facilitated to locally penetrate the material, especially at the imperfections of the SnO x film. As it can be seen in Table 2, in case of the SAC0807 deeper pitting corrosions have developed than in case of the SAC0307 solder alloy. Accord- ingly, the SAC0807 solder alloy has a higher corrosion rate than SAC0307. The corrosion rate is also in a strong correlation with the dissolution rate of the anode and -therefore -with the ECM susceptibility as well. According to the comparison of WD tests and XPS measurements, the results are in good agreement in terms of the ECM susceptibility of SAC0807 and SAC0307 solder alloys, which means that the SAC0807 solder alloy has a lower resistance against ECM due to its high corrosion rate which is higher than that of the SAC0307 solder alloy. It can be supposed that the corrosion rate depends mainly on the microstructural and composition differences between the alloys.
Conclusions
According to the WD test results, the following ranking based on ECM susceptibility was found in case of the lead-free solder alloys (the lowest MTTF value is the highest susceptibility): SAC 305 ≥ SAC 0807 ≥ SAC 405 ≥ SAC 0307 . The WD test results have also shown that the recently used SAC0807 solder alloy has a similarly low resistance against ECM as the lead-bearing ones. In addition, a major difference in ECM susceptibility (MTTF value) was observed between the SAC0807 and SAC0307 solder alloys, despite the similar elemental composition of the dendrites. The XPS results have proven that the SAC0807 solder alloy has a significantly higher corrosion rate than the SAC0307 solder alloy, since the formed inhomogeneous SnO x was located significantly deeper in case of SAC0807. The corrosion rate correlates to the dissolution rate of the anode, thus to the ECM susceptibility as well. Therefore, the SAC0807 solder alloy has a lower resistance against ECM (a higher ECM susceptibility) than SAC0307 due to its higher corrosion rate. So, the WD test and XPS results are in good agreement. It must be highlighted that some lead-free microalloyed low Ag content solders (e.g.: SAC0807) may pose high reliability risks in electronic devices due to the ECM failure phenomenon.
